Free radicals induce oxidative stress in vivo, leading to various disorders and diseases. In the present study, the effect of oxygen pressure on the cytotoxicity induced by free radicals was studied. It was found that alkyl radicals markedly aggravated Jurkat cell apoptosis under low oxygen pressure and this was ascribed to a hypoxic condition caused by the consumption of oxygen by alkyl radicals giving peroxyl radicals and subsequent lipid peroxidation by a chain mechanism. The intracellular lipid hydroperoxides significantly increased at an early time point even under hypoxia. Cytochrome c was released from the mitochondria, and caspase-9 as well as caspase-3 was activated during apoptosis, indicating that cell death followed by the intrinsic, mitochondrial apoptosis pathway. Pretreatment with VAD-FMK, a caspase inhibitor, attenuated the apoptosis induced by alkyl radicals under hypoxia. Moreover, pretreatment with various antioxidants also significantly rescued the cells from apoptosis. Taken together, the results indicate that free radicals induced hypoxic conditions, which accelerated mitochondria-dependent cell apoptosis.
The generation of reactive oxygen species (ROS) and subsequent oxidative modification of biomolecules, such as lipids, proteins, and nucleic acids, are inevitable in aerobic organisms. It is widely accepted that low levels of ROS are involved in important physiological functions such as signal transduction, 1, 2) while excessive amounts of ROS, referred to as oxidative stress, have been implicated in a variety of pathological events such as atherosclerosis, ischemia-reperfusion injury, cardiovascular diseases, and neurodegenerative diseases. 3) Although the detailed mechanisms by which ROS lead to these consequences are not fully understood, lipid peroxidation of the cell membrane induced by free radicals is believed to play a crucial role. 4) The in vitro studies on oxidative stress in test tubes and cultured cells are usually performed in a normoxic environment, that is, under air atmosphere. The physiological oxygen pressure in organisms, however, is known to be lower than that in the air environment. Moreover, in some pathological conditions, the oxygen pressure is much lower than that in normoxia, and this is called hypoxia. Hypoxia, a reduction in the level of tissue oxygen concentration, occurs during acute and chronic vascular disease, pulmonary disease, brain injury and cancer, resulting in cell death. 5) Both in vitro and in vivo studies have shown that the cell death induced by hypoxia-ischemia can occur via necrosis or apoptosis. 6, 7) Necrosis is a rapidly occurring form of cell death that is attributed in part to alterations in ionic homeostasis, whereas apoptosis is a delayed form of cell death that occurs as a result of activation of a genetic program. 8) Therefore, one of the primary objectives of the present study was to examine the effect of oxygen concentration on cell death induced by free radicals and to determine the mechanisms by which oxidants damage cells under a hypoxic condition and response of the cells to these oxidants in such an environment. We studied the effect of alkyl radicals and H 2 O 2 on the cytotoxicity of Jurkat cells under air and low oxygen pressures.
Materials and Methods
Materials. RPMI 1640 medium and fetal bovine serum (FBS) were obtained from GIBCO, New Zealand. H 2 O 2 and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were the products of Nacalai, Kyoto, Japan. -Tocopherol and 2,2,5,7,8-pentamethyl-6-chromanol (PMC) were supplied by Eisai Co., Tokyo, Japan. Ascorbic acid (VC), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2 0 -azobis-(2-amidinopropane) dihydrochloride (AAPH), and 2,2 0 -azobis-[2-(2-imidazolin-2-yl)propane] dihydrochloride (AIPH) were the products of Wako, Osaka, Japan. Diphenyl-1-pyrenylphosphine (DPPP) was obtained from DOJINDO laboratory, Kumamoto, Japan. Nitrogen gas cylinders (10 MPa) which contain 1% and 1000 ppm oxygen were purchased from Takachiho Chemical Industrial Co., Ltd. (Osaka, Japan). Bcl-2 and Bax antibodies were obtained from Santa Cruz Biotechnoly To whom correspondence should be addressed. Tel: +81-72-751-8183; Fax: +81-72-751-9964; E-mail: yoshida-ya@aist.go.jp ogy, Inc., CA, USA, and other antibodies were from Cell Signaling Technology, Beverly, MA, USA. All other chemicals used were of the highest quality commercially available.
Cell culture and determination of cell viability. Jurkat E6-1 cells, human T-leukemia cells obtained from American Tissue Type Collection, were maintained in RPMI 1640 medium containing 100 units/ml penicillin G, 100 mg/ml streptomycin, 0.25 mg/ml amphotericin B, and 10% heat-inactivated FBS at 37 C under an atmosphere of 95% air and 5% CO 2 , as described previously. 9) In the hypoxic experiments, 2 ml of cell suspension at a density of 2:0 Â 10 5 cells/ml was cultured in a chamber under 1% or 1000 ppm oxygen.
To determine cell viability, conventional MTT reduction assay was used. The treated cells were incubated with 0.5 mg/ml MTT at 37 C for 1 h. Isopropyl alcohol containing 0.04 N HCl was added to the culture medium (3:2 by volume) and mixed with a pipette until the formazan was completely dissolved. The optical density of formazan was measured at 570 nm using a Multiskan Ascent plate reader (Thermo Labsystems, Helsinki, Finland).
Cell death assay. Phosphatidylserine (PS) exposure was analyzed as described previously. 10) PS exposure was measured by the binding of annexin V-FITC, in accordance with the protocol outlined by the manufacturer of Annexin V-FITC Apoptosis Detection kit (MBL, Nagoya, Japan). The treated cells were also stained with propidium iodide (PI), followed by analysis using a Cytomics FC500 Flow Cytometry System (BeckmanCoulter, Miami, FL, USA) with a 488-nm argon laser.
Determination of intracellular lipid hydroperoxides. Intracellular lipid hydroperoxides were detected using fluorescence probe DPPP as described previously with a slight modification. 11) In the DPPP assay, cells were preincubated in PBS at 37 C at a density of 1 Â 10 7 cells/ml for 5 min. After addition of DPPP at a final concentration of 167 mM, the cell suspension was incubated for 5 min in the dark. Cells were then washed and resuspended in culture medium and treated with AAPH under normoxic or hypoxic conditions. At the time indicated, cells were collected and resuspended in PBS. Fluorescence intensities of the cell samples were measured using a spectrofluorophotometer RF-5300PC (Shimadzu Co., Kyoto, Japan) at excitation and emission wave-lengths of 351 and 380 nm respectively. 
12)
Western blot analysis. In the analysis of cytochrome c, cytosolic fractions of cells were extracted using a permeabilization buffer containing 75 mM NaCl, 1 mM NaH 2 PO 4 , 8 mM Na 2 HPO4, 250 mM sucrose and 0.05% digitonin. To btain whole cell lysate, cells were lysed at 4 C for 20 min in lysis buffer, as described previously. 13) Protein samples were solubilized with SDSpolyacrylamide gel electrophoresis sample loading buffer and electrophoresed on a 12% SDS-polyacrylamide gel. Proteins were then transferred to a polyvinylidene difluoride (PVDF) membrane. The blots were blocked for 1 h at room temperature in fresh blocking buffer (0.1% Tween-20 in Tris-buffered saline, pH 7.4, containing 5% nonfat dry milk). Dilutions of primary antibodies were made in PBS with 3% nonfat dry milk. The blots were incubated overnight at 4 C with the diluted primary antibody. After three washes with PBST (PBS and 0.1% Tween-20), the blots were incubated with horseradish peroxidase-conjugated secondary antibody in PBS with 3% nonfat dry milk for 1 h at room temperature. The blots were washed again three times in PBST buffer, and the proteins transferred were incubated with ECL solution (Amersham Pharmacia Biotech, Inc., Piscataway, NJ, USA) for 1 min, in accordance with the manufacturer's instructions, and visualized on radiographic film.
Measurement of caspase-9 and -3 activities. Caspase-9 and -3 activities were determined according to the supplemental protocols of the Caspase-9/Mch6 Colorimetric Assay kit and Caspase-3/CPP32 Colorimetric Protease Assay kit (MBL, Nagoya, Japan), respectively. Substrate cleavage, which resulted in the release of pNA (405 nm), was measured using a Multiskan Ascent plate reader.
Statistics. All data from at least three independent experiments were expressed as mean AE SD and analyzed by Student's t test. Values of p < 0:05 were considered to be statistically significant.
Results
Effect of oxygen pressure on cytotoxicity As an initial approach towards understanding the possible effects of oxygen concentration on cytotoxicity, Jurkat cells were challenged by different concentrations of water-soluble radical initiators, AAPH or AIPH, 14) under air and 1% and 1000 ppm oxygen. Interestingly, it was found that the viability of Jurkat cells decreased with decreasing oxygen concentration ( Fig. 1A and B) , whereas such effect of oxygen concentration was not observed in H 2 O 2 -treated cells (Fig. 1C) . Cells incubated under 1000 ppm O 2 for 24 h in the absence of radical initiator showed a slight, but not significant, decrease in cell viability (approximately 93% survival).
In order to elucidate the contributing factor of such enhanced cytotoxicity under reduced oxygen concentrations, cells were treated with the same concentrations of AAPH at different cell densities under normoxic or hypoxic environments. As shown in Fig. 2A , cells at a density of 2:0 Â 10 5 cells/ml or 10:0 Â 10 5 cells/ml were challenged with AAPH under normal air environment, and the results of the cell death assay revealed that the survival rate was higher for higher density compared with that for lower cell density (84% survival for high cell density vs. 38% survival for low cell density). On the contrary, under 1000 ppm oxygen concentration the survival rates were similar and were independent of cell density (Fig. 2B ). The explicit difference in the cell density-dependent responses to AAPH challenge under the different oxygen concentrations strongly suggests that this further enhanced cytotoxicity was primarily due to the augmented hypoxic condition.
Measurement of lipid hydroperoxides under hypoxic condition
Lipid peroxidation has been implicated as the initial event that triggers the cell death induced by free radicals. Hence, we measured the lipid hydroperoxides formation in cells challenged by AAPH under hypoxic condition using the DPPP fluorescence probe. It has been found that DPPP is a probe specific for lipid hydroperoxides in the membranes. 11, 15) DPPP reacts with hydroperoxides stoichiometrically to give DPPP oxide, which yields fluorescence. As indicated by the increase in fluorescence, the formation of cellular lipid hydroperoxides was markedly increased in response to challenge with AAPH under hypoxia for 6 h, although it was less than that under normoxia (Fig. 3A) . Cells treated with H 2 O 2 did not exert any significant changes in DPPP fluorescence (data not shown).
In order to further confirm this observation, a relatively simple experiment involving the oxidation of methyl linoleate (MeLH) in SDS micelles was devised to mimic the cellular lipid peroxidation. MeLH (7.4 mM) was oxidized with 2 mM AAPH under hypoxic or normoxic conditions for 2, 4, or 6 h, and the absorbance at 234 nm was measured as the formation of MeLH hydroperoxides. It is known that free radical-mediated oxidation of MeLH gives conjugated diene hydroperoxides which have strong absorption at 234 nm. In agreement with the above cellular results, the formation of MeLH hydroperoxides was also significantly increased by AAPH under hypoxia but again was less than that under normoxia (Fig. 3B) . In the initial 2 h, the rate of lipid peroxide formation under hypoxia was the same as that under normoxia, whereas it decreased after 2 h under hypoxia, probably due to the gradual decline in oxygen concentration (Fig. 3B) .
Time-dependent apoptosis of Jurkat cells induced by AAPH under hypoxia
Apoptotic cell death induced by AAPH under hypoxia was verified by Annexin V-FITC apoptosis detection assay. As shown in Fig. 4A , cell death induced by AAPH under hypoxia was primarily through the apoptotic pathway. Apoptotic cell death increased in a time-dependent manner until 12 h and decreased slightly thereafter (Fig. 4B) . Cytochrome c release and possible role of Bcl-2/Bax in apoptotic cell death
The release of cytochrome c from mitochondria into the cytosol has been characterized as a major hallmark of the mitochondrial apoptosis. Therefore, we investigated the possible involvement of cytochrome c release in the Jurkat cell death induced by AAPH under hypoxia. The cytosolic cytochrome c fragment markedly increased at 6 h due to AAPH under hypoxic conditions (Fig. 5A) . However, Bcl-2 and Bax, another group of apoptosis-related proteins, did not show any significant changes (Fig. 5B) .
Involvement of caspases in apoptosis
The release of cytochrome c from mitochondria would induce a series of biochemical reactions that result in caspase activation and subsequent apoptosis. Therefore we explored the possible involvement of caspase-9 and caspase-3 in the AAPH-induced apoptosis under hypoxia. As shown in Fig. 6A and B, both Western Blot analysis and enzyme activity assays revealed that the maximum activation of caspase-9 peaked at 9 h, while that of caspase-3 peaked at 12 h. Pretreatment of Jurkat cells with 2 mM VAD-FMK, a caspase inhibitor, for 24 h significantly protected cells from AAPH-induced apoptosis under hypoxic conditions ( Fig. 6C and D) , suggesting a pivotal role of these caspase cascades in apoptosis. VAD-FMK alone did not affect cell viability (data now shown). of antioxidants can prevent the lipid peroxidation initiated by free radicals. 4) There are also several reports which suggest the possible protective effect of antioxidants in hypoxia-induced damage. [16] [17] [18] Therefore, we attempted to determine the possible role of antioxidants in the cell death induced by AAPH under hypoxia. Pretreatment of Jurkat cells with various antioxidants, such as -tocopherol, 2,2,5,7,8-pentamethyl-6-chromanol (PMC), ascorbic acid (VC), and Trolox, at a concentration of 10 mM for 24 h significantly protected cells against the cytotoxicity induced by AAPH under hypoxia (Fig. 7) . Treatment with these antioxidants alone did not induce any considerable variation on the cell viability (data now shown).
Possible protective effect of antioxidants

Discussion
The role of free radicals and lipid peroxidation in vivo has received considerable attention over the last several decades. It has been often argued that oxygen concentrations in vivo are lower than that under air atmosphere and that this difference has to be considered carefully. Despite the low oxygen pressure, it is more likely that lipid peroxidation would occur even under hypoxia. 19, 20) For instance, De Groot et al. 19) have observed that the cells isolated from the pericentral area of CCl 4 -treated rat liver lobules showed greater lipid peroxidation and loss of cell viability than cells isolated from the periportal area of the lobule. In the present study, we demonstrated another possible effect of free radicals under low oxygen pressure. The free radicals initiated the lipid peroxidation that accompanied the consumption and eventually depletion of oxygen, leading to the hypoxic condition, thereby augmenting the hypoxiainduced cell death.
The results shown in Fig. 2 demonstrate that the augmented cell death by AAPH under hypoxia could be primarily attributable to the enhanced hypoxia. It would be rational to assume that the stress from hypoxia could affect cells regardless of the cell density, whereas the attack by free radicals would be inversely proportional to cell density and dispersed in the case of higher cell density leading to less damage. As shown in Fig. 2 , the cell death was more significant for lower density under air, whereas similar cell damage was observed under 1000 ppm oxygen. The rate of lipid peroxidation under hypoxia was the same as that under normoxia in the initial 2 h but decreased thereafter under hypoxia (Fig. 3B) , probably due to the gradually formed anaerobic condition. As a consequence, this anaerobic condition triggered cell death, and the cell apoptosis was observed as early as 3 h (Fig. 4) .
It might also be noteworthy that in our study, small amount of necrotic cell death always accompanied the apoptosis at initial time, and it significantly increased after 9 h (Fig. 4B) . Naito et al. 21) has reported that, in Jurkat cells, necrosis can be induced by radicals and suppressed by radical scavengers. We have also observed that in case of oxidative stress, Jurkat cells preferred necrosis in violent stress whereas they underwent apoptosis in mild stress (unpublished observations). Therefore, it might be rational to assume that the gradually formed anaerobic condition by AAPH under hypoxia at some certain level may also trigger the necrotic cell death.
The possible role of antioxidants in preventing hypoxia-induced damage has received increased attention. [16] [17] [18] In the present study, we also observed that pretreatment with various antioxidants protected cells from apoptosis induced by AAPH under hypoxia. This protective effect may be due to their well-known antioxidant capacity of scavenging the chain initiating and propagating radicals, thereby suppressing the lipid peroxidation and oxygen depletion. In addition, the antioxidants may also be capable of triggering the cell survival signals, thereby protecting the cells from apoptosis due to their non-antioxidant capacity. 22) In conclusion, the present study clearly shows that, under low oxygen concentrations, free radicals further augmented the cell death by inducing free radical chain reactions and consequent oxygen deprivation. The cell death followed the intrinsic, mitochondrial apoptosis pathway and could be rescued by both caspase inhibitor and antioxidants. These results suggest another possible role of free radicals and lipid peroxidation in vivo.
